Diarrhea remains a common problem for patients with human immunodeficiency virus (HIV) infection despite highly active antiretroviral therapies (HAART) and can negatively affect patient quality of life and lead to discontinuation or switching of HAART regimens. In the era of HAART, diarrhea from opportunistic infections is uncommon, and HIV-associated diarrhea often has noninfectious causes, including HAARTrelated adverse events and HIV enteropathy. Diarrhea associated with HAART is typically caused by protease inhibitors (eg, ritonavir), which may damage the intestinal epithelial barrier (leaky-flux diarrhea) and/or alter chloride ion secretion (secretory diarrhea). HIV enteropathy may result from direct effects of HIV on gastrointestinal tract cells and on the gastrointestinal immune system and gut-associated lymphoid tissue, which may be active sites of HIV infection and ongoing inflammation and mucosal damage. New therapies targeting the pathogenic mechanisms of noninfectious diarrheas are needed.
The widespread availability of highly active antiretroviral therapy (HAART) has prolonged survival of patients with human immunodeficiency virus (HIV) infection and has improved many of the gastrointestinal (GI) conditions associated with HIV, including diarrhea, nausea, vomiting, dysphagia, and abdominal pain [1] . However, GI conditions, especially diarrhea, remain a common problem in patients with HIV infection in the presence and absence of HAART [1, 2] . Diarrhea negatively affects health-related quality of life (HRQOL) [3] and is a common reason for discontinuing [4] or switching HAART regimens [5] . Here the etiology of HIV-associated diarrhea will be reviewed, with a focus on noninfectious causes of diarrhea, current pharmacologic management options, and future research directions.
IMPACT OF DIARRHEA IN PATIENTS WITH HIV INFECTION
Although up to 60% of patients with HIV infection report diarrhea [6] , the prevalence of diarrhea in these patients has been unclear in the HAART era, given variations in defining HIV-associated diarrhea (eg, definition, assessment tools, and duration [acute vs chronic]). However, patients with HIV infection are significantly more likely than noninfected persons to report diarrhea [3] . In a study by Siddiqui et al, acute diarrhea (ie, ≥3 bowel movements per day during the past 7 days) was 4 times more prevalent in patients with HIV infection (28%; 92% were receiving HAART) than in HIV-seronegative controls (7%; P < .001), including after adjustment for multiple factors (eg, age, sex, race) [3] . Significant differences were independent of variations in criteria employed to define acute diarrhea ( prevalence 2-4 times greater in HIV-positive patients vs HIV-seronegative controls; P < .001 for all comparisons). Chronic diarrhea was reported in 28% of patients in a noncomparative trial of 671 patients with HIV infection [7] . Both of these studies were done in the era of HAART.
Diarrhea has a substantial negative impact on HRQOL and social quality of life (QOL) in patients with HIV infection [3] . In a national survey of 2267 adults with HIV infection, diarrhea or loose or watery stools was associated with significantly worse perceived QOL (unadjusted regression coefficient, −2.45; 95% confidence interval, −4.4 to −0.5; P < .05) [8] . In another survey, 40% of patients with HIV infection indicated that diarrhea moderately or greatly negatively affected their social life. In addition to restricting schedules or staying closer to home because of diarrhea, HIV-positive patients with diarrhea reported feelings of loss of control and shame [9] . In the study by Siddiqui et al, HIV-infected adults with diarrhea reported significantly worse HRQOL, with significantly worse scores for 9 of 11 domains of the Medical Outcomes Study (MOS)-HIV Health Survey (MAPI Research Trust, Lyon, France) compared with HIV-infected patients without diarrhea; only domains for cognitive function and mental health were not significantly worse [3] . These results supported findings of a previously published study in which adults with HIV infection and diarrhea while receiving HAART had significantly lower HRQOL for all 11 domains of the MOS-HIV Health Survey compared with matched HIV-infected controls (P < .05 for all) [10] . In addition to detriments in HRQOL, diarrhea in patients with HIV infection may reduce treatment efficacy and adherence.
ETIOLOGY OF DIARRHEA IN PATIENTS WITH HIV INFECTION
Gastrointestinal opportunistic infections are common causes of diarrhea in patients with advanced AIDS and are caused by a variety of definable pathogens typically occurring in HIV-infected patients with CD4
+ counts <200 cells/µL [2] .
However, diarrhea may affect patients at all stages of HIV infection and may have multiple causes, including noninfectious causes such as HAART, effects of HIV on the GI tract (ie, HIV enteropathy), HIV-associated malignancies, and pancreatitis [11] .
HAART-Associated Diarrhea
In an analysis of clinical trials using consistent reporting, up to 19% of patients treated with HAART reported moderate to potentially life-threatening diarrhea that was considered at least possibly related to study drug [1] . Diarrhea may be associated with several of the therapies used in HAART regimens, including nucleoside reverse-transcriptase inhibitors (NRTIs) and nonnucleoside reverse-transcriptase inhibitors, protease inhibitors (PIs), and integrase inhibitors [3, 5, 11] . Of particular issue is the PI ritonavir (Norvir; Abbott Laboratories). In early studies of ritonavir (up to 1200 mg/d) as single-agent therapy, diarrhea was a common adverse event. Ritonavir (100-400 mg/d) is now used only as a pharmacokinetic booster to increase levels of other PIs, including lopinavir, atazanavir (Reyataz; Bristol-Myers Squibb), darunavir (Prezista; Tibotec), fosamprenavir (Lexiva; GlaxoSmithKline), and saquinavir (Invirase [Genentech] or Fortovase [Roche Laboratories]) [1, 11] . Despite the reduced dose of ritonavir used in the booster combination, diarrhea remains a common adverse event with varying prevalence depending on the choice of boosted PI [1] . Overall, lopinavir-ritonavir (Kaletra; Abbott Laboratories) and fosamprenavir-ritonavir tended to have the highest rates of drug-related moderate to potentially life-threatening diarrhea compared with atazanavir-ritonavir, darunavir-ritonavir, or saquinavir-ritonavir (Table 1 ) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Notably, all 5 of these ritonavir-boosted PI therapies are considered preferred, alternative, or acceptable first-line therapies for treatment of patients with HIV-1 infection.
Data suggest that HAART-associated diarrhea may be caused by a variety of mechanisms, including increased calcium-dependent chloride conductance and cellular apoptosis, necrosis, and decreased proliferation of intestinal epithelial cells [24] . Furthermore, it has been shown that PIs induced endoplasmic reticulum (ER) stress and activation of the unfolded protein response leading to apoptosis of intestinal epithelial cells in vitro and in vivo. However, it is noteworthy that concentrations of PIs used in studies demonstrating apoptosis are substantially greater than those reached in humans treated with Food and Drug Administration (FDA)-approved doses. Furthermore, clinically relevant doses of PIs have been associated with reduced levels of apoptosis in vitro and in vivo, but this has not been demonstrated specifically for intestinal cells.
The effects of PIs on apoptosis, necrosis, and proliferation have been linked to changes in intestinal barrier function that may be linked to diarrhea (ie, leaky-flux diarrhea). A study by Braga Neto et al found that PIs increased intestinal permeability in mice and induced necrosis and apoptosis and decreased proliferation of intestinal epithelial cells in vitro, suggesting that a disrupted intestinal barrier function and/or altered small intestinal absorption may contribute to PI-associated diarrhea [25] . The study further showed that PIs and NRTIs altered intestinal morphology and water and electrolyte secretion in mice, suggesting that both classes of drugs may contribute to or aggravate infectious enteropathies and may induce diarrhea via a secretory mechanism.
Notably, no data favoring the leaky-flux model of PI-associated diarrhea have been obtained in human studies. In contrast, a study of patients with HIV infection treated with a PI revealed increased concentrations of fecal electrolytes (including chloride) and elevated stool pH and fecal supernatant osmotic gap consistent with secretory diarrhea [26] . Results of in vitro studies further suggested PIs induce secretory diarrhea via potentiation of calcium-activated chloride conductance. A phase 2 study provided further support for a secretory mechanism for PI-associated diarrhea by demonstrating that the investigational agent crofelemer, an inhibitor of the calcium-activated chloride channel and the cystic fibrosis transmembrane regulator, improved symptoms of diarrhea and decreased stool chloride concentrations in patients with AIDS, most of whom were receiving ≥1 PI [27] .
HIV Enteropathy
HIV enteropathy is an idiopathic form of diarrhea that can occur during the acute phase of HIV infection through advanced AIDS and for which there is no identified pathogen. Histologically, villous atrophy, crypt hyperplasia, and villous blunting exemplify damage to the GI tract, and inflammatory infiltrates of lymphocytes in the lamina propria may be observed. Notably, HIV enteropathy may improve with HAART, Abbreviations: ATV/r, atazanavir plus ritonavir; DRV/r, darunavir plus ritonavir; fAPV/r, fosamprenavir plus ritonavir; LPV/r, lopinavir plus ritonavir; NR, not reported; PI/r, protease inhibitor plus ritonavir; SQV/r, saquinavir plus ritonavir. a Diarrhea at least possibly related to or related to study drug treatment.
b Safety population.
c Treatment also included tenofovir plus 1 nucleoside reverse-transcriptase inhibitor.
d Treatment also included tenofovir (Viread; Gilead Sciences) plus emtricitabine (Emtriva; Gilead Sciences).
e Treatment also included ≥2 antiretroviral agents (nucleoside reverse-transcriptase inhibitor with or without nonnucleoside reverse-transcriptase inhibitor).
f Includes all grades of diarrhea (1-4).
g Treatment also included abacavir (Ziagen; ViiV Healthcare) plus lamivudine (Epivir; ViiV Healthcare).
h Treatment also included abacavir plus lamivudine, or zidovudine (Retrovir; ViiV Healthcare) plus lamivudine if abacavir plus lamivudine had treatment-limiting toxic effects.
but it may also occur in patients receiving HAART. The pathogenic mechanisms leading to HIV enteropathy remain unclear but may involve effects of HIV infection on the GI tract and the gut-associated lymphoid tissue (GALT) [28] .
Effects of HIV Infection on Cells of the GI Tract HIV can directly infect enterocytes, lamina propria cells, and the submucosa. Direct infection of enterocytes by HIV may lead to altered cellular differentiation, crypt hyperplastic villous atrophy, and altered absorptive and secretory function. Viral proteins secreted or shed from infected cells may also have toxic effects on cells of the GI tract. For example, the HIV-1 Tat protein may induce calcium-dependent chloride ion secretion in enterocytes and colonic mucosa and inhibit proliferation of enterocytes [29] . Results of an in vitro study further showed that Tat may activate oxidative stress pathways, leading to apoptosis and disruption of the actin cytoskeleton, which may be associated with HIV enteropathy [30] . The HIV-1 envelope protein Gp120 may alter ion secretion and intracellular architecture [31] . Finally, recent data have also suggested that the HIV-1 viral protein R may also be associated with the ER stress and inflammation as well as disrupted barrier function associated with HIV enteropathy [32] .
HIV Effects on GI Immune System Activation and the GALT Local activation of the GI immune system and inflammation may contribute to HIV enteropathy. Increased protein or messenger RNA levels of proinflammatory cytokines (eg, interleukin 1, 4, 6, and 10; tumor necrosis factor α; and interferon γ), the β-chemokine RANTES, and macrophage inflammatory proteins 1α and 1β have been observed in biopsies of the duodenum or colonic mucosa of patients with HIV infection [33] . Furthermore, increased expression of messenger RNA for Xbp-1s and C/EBP (CCAAT enhancer binding protein) homologous protein were observed in duodenal biopsy specimens, suggesting that activation of ER stress pathways may contribute to the inflammation associated with HIV enteropathy. Overall, the increased levels of proinflammatory proteins and mucosal cellular inflammation in patients with HIV infection suggest the presence of intestinal or colonic inflammation and may represent an inflammatory bowel disease-like condition in these patients. Decreased mucosal immune system repair and regeneration may also contribute to HIV enteropathy. The GALT is an early site of HIV replication and CD4 + T-cell depletion. Sankaran et al demonstrated that HIV-induced damage to the GALT occurs early during the infection process, even before seroconversion can be detected [28] . The rapid destruction of CD4 + T cells was paralleled by increased epithelial cell apoptosis and changes in gene expression patterns, indicating early loss of proteins involved in intestinal epithelial barrier and mucosal functions. The results of this study suggest that HIV enteropathy may occur early in the course of HIV infection, even before HIV-mediated immune activation and inflammation. Given that destruction of the GALT is directly mediated by HIV infection, treatment with HAART would be expected to resolve enteropathy caused by GALT destruction. However, HAART usually, but not always, improves HIV enteropathy. With long-term HAART there is delayed and often incomplete reconstitution of CD4 + T cells in the GALT compared with peripheral blood. Low levels of viral replication may also persist in the GI mucosa despite HAART [33] .
Autonomic Neuropathy
Damage to autonomic neurons is a well-known complication of HIV infection. Autonomic damage may manifest in the GI tract many ways, with diarrhea being the most distressing and debilitating issue. In the GI tract, severe structural damage to and depletion of autonomic nerves have been observed and can occur at all stages of HIV infection [34] . However, as seen with other conditions associated with autonomic neuropathy (eg, diabetes), there does not appear to be a relationship between the severity of the neuropathy and the HIV-associated diarrhea.
Chronic Pancreatitis and Exocrine Insufficiency
Pancreatitis, which may be caused by HIV infection itself and by a variety of noninfectious agents (eg, didanosine) and pathogenic agents (eg, opportunistic infection, viral hepatitis), may also contribute to chronic diarrhea [11] . Chronic pancreatitis and exocrine insufficiency may lead to steatorrhea, particularly in the advanced stages of pancreatic disease. Patients may present with foul-smelling, bulky stools that may be associated with the passage of oil droplets.
DIAGNOSIS AND MANAGEMENT OF HIV-ASSOCIATED DIARRHEA

Diagnosis
A basic algorithm for the diagnosis and management of diarrhea in patients with HIV infection is presented in Figure 1 . Initially, it should be determined that the patient does indeed have diarrhea. Clinical and lay definitions of diarrhea may be different, and fecal incontinence, which can be confused with diarrhea, should be ruled out. A working definition of diarrhea is the abnormal passage of ≥3 unformed stools per day or a liquid stool volume >200 g/d. The initial assessment of a patient with HIV infection and diarrhea should include a physical examination and history that includes a review of the patient's HIV and treatment history and potential for pathogen exposure (eg, travel history) [11] . The duration of diarrhea should also be considered to determine whether acute or chronic pathogenic causes may be relevant. Generally speaking, diarrhea of duration >4 weeks is considered chronic. A plasma CD4 + cell count should be determined to assess the patient's degree of immunosuppression and spectrum of possible opportunistic infections, and the HIV load should be determined to measure response to HAART [11] . Microbiologic examination of feces should be performed, including culture for enteric pathogens; microscopic examination for ova, cysts, and parasites; and testing for the Clostridium difficile toxin when appropriate [11] . In addition to microscopic examination, diagnosis of stool protozoa may be accomplished using polymerase chain reaction analysis or a variety of antigen detection tests, including direct fluorescent antibody, enzyme immunoassay, or rapid, dipstick-like tests (Table 2 ) [35] . Fecal examination will yield a diagnosis approximately half of the time. If no pathogen is identified during fecal examination and the diarrhea is severe (eg, ≥10 viscous, liquid, or watery stools in a 24-hour period) and persistent, further examination by upper endoscopy and flexible sigmoidoscopy or colonoscopy may be performed to obtain biopsy samples and rule out other potential causes of diarrhea, such as inflammatory bowel disease [11] . Upper endoscopy and colonoscopy should be strongly considered for patients with CD4
+ cell counts <100 cells/μL. Microsporidial or mycobacterial infections of the small intestine, cytomegalovirus infections, and giardiasis may be identified using these procedures. The HAART regimen should also be reviewed to determine the possibility of medication-induced diarrhea. Radiologic assessments or direct visualization (eg, colonoscopy) may be warranted for patients with Kaposi's sarcoma or non-Hodgkin's lymphoma to identify lesions in the GI tract. For patients in whom diagnostic testing has yielded negative results and in whom diarrhea has persisted for >1 month, a diagnosis of HIV enteropathy or HAART-associated diarrhea may be made or considered. Other idiopathic forms of diarrhea such as irritable bowel syndrome or functional diarrhea may also be considered, depending on the signs and symptoms the patient is experiencing (Table 3 ) [36, 37] .
Treatment and Management
Patients in whom a pathogenic cause for diarrhea has been identified should be treated accordingly. Specific treatment recommendations for pathogenic diarrhea are beyond the scope of this review and have been reviewed elsewhere [11] . Briefly, treatment of pathogenic diarrhea typically targets the specific pathogen causing the condition. Some therapies that may be used include antibacterial agents, such as ciprofloxacin (for bacterial pathogens) or clarithromycin plus ethambutol with or without rifabutin (for Mycobacterium avium complex infection); antiviral therapies, such as ganciclovir or valganciclovir (for cytomegalovirus infection); and antifungal or Table 2 . Upper endoscopy and colonoscopy should be strongly considered for patients with CD4 + cell counts <100 cells/μL. Abbreviations: HAART, highly active antiretroviral therapy; HIV, human immunodeficiency virus.
antiprotozoal agents, such as metronidazole (for Giardia infection) or albendazole (for Encephalitozoon intestinalis).
For noninfectious forms of HIV-associated diarrhea, there are currently no FDA-approved treatment options. For patients with HAART-associated diarrhea, modification of HAART regimen may be attempted. Otherwise, pharmacologic options for treatment of HAART-associated diarrhea and HIV enteropathy are primarily supportive (Table 4) .
Clinical data on the efficacy of antimotility agents in HIVassociated diarrhea are lacking. These agents may lead to objectionable postdiarrhea constipation and do not target the cause of HAART-associated diarrhea. In addition, extra caution should be used when prescribing bismusth subsalicylate in persons with advanced HIV infection because of the rare risk of developing bismuth encephalopathy. Antisecretory agents that have promise in the treatment of HAART-associated diarrhea include octreotide, a subcutaneously administered somatostatin analogue, and crofelemer, a first-in-class, naturally occurring, nonabsorbable, nonsystemic, GI-specific, intraluminally active, oral antidiarrheal agent currently under development [38] . Results from a phase 2, randomized, placebo-controlled, multicenter trial suggest that crofelemer may be effective in reducing stool weight and abnormal stool frequency in patients with AIDS and chronic diarrhea [27] . A phase 3, randomized, double-blind, placebo-controlled trial of crofelemer in HIV-infected patients receiving HAART with CD4 + cell counts >100 cells/μL (median, >500 cells/μL) has been completed (ADVENT; n = 376) [39] . The results suggest that crofelemer was effective for relief of HIV-associated diarrhea compared with placebo (P = .0096). Results of the phase 3 study also suggest that the tolerability of crofelemer was similar to that of placebo. Nonpharmacologic approaches for the supportive treatment of noninfectious diarrhea may include dietary modification. Fiber supplements, such as oat bran, may be used to increase intestinal transit time and promote formation of more viscous (ie, less watery) stools [40] . Psyllium, a concentrated vegetable powder and source of fiber, may be used for treatment of PIassociated diarrhea.
FUTURE RESEARCH DIRECTIONS
Future research into HIV-associated diarrhea will be in 3 areas. The first goal is to better define the pathogenesis of diarrhea in properly treated patients with HIV infection. The second is to evaluate the efficacy of currently available and investigational antidiarrheal drugs (eg, crofelemer) in the treatment of HIV-associated diarrhea and prevention of complications of diarrhea. The third is to explore refinements in antiretroviral therapy with fewer GI complications and improved immune responsiveness. [37] Defined by the ACG as abdominal pain or discomfort associated with altered bowel habits over a period of ≥3 months Defined by Rome III criteria as recurrent abdominal pain or discomfort for ≥3 d/mo in the last 3 months with symptom onset at ≥6 months before diagnosis and associated with ≥2 of the following:
Improvement with defecation Onset associated with change in stool frequency Onset associated with change in stool form Functional diarrhea [37] Defined by Rome III criteria as ≥75% of stools that are loose (mushy) and without pain for ≥3 months with symptom onset ≥6 months before diagnosis
